Abstract. The LHC offers unique opportunities for studying the properties of hot QCD matter created in Pb+Pb collisions at extreme temperatures and very low parton momentum fractions. With its high precision, large acceptance for tracking and calorimetry, and a trigger scheme that allows analysis of each minimum bias Pb+Pb event, CMS is fully equipped to measure dimuons in the high multiplicity environment of Pb+Pb collisions. Such probes are especially relevant since they are produced at early times and propagate through the medium, mapping its evolution. The capabilities of the CMS experiment to study dimuon production in pp and Pb+Pb collisions based on the 2010 LHC runs will be reviewed. CMS is able to measure primary and secondary J/ψ, as well as the three ϒ states. Quarkonia results at √ s=2.76 TeV in p + p and Pb+Pb will be presented, including a tantalizing observation of suppression of the ϒ excited states. The Z 0 boson inclusive and differential measurement as a probe of the initial state will be described.
Dimuons in Pb + Pb. The details of the quarkonia analysis can be found in Ref. [5, 6] . The analysis is based on a dataset of 55 M minimum bias Pb+Pb collisions at √ s NN =2.76 TeV (integrated luminosity of L = 7.28 µb −1 ) taken with the CMS detector [7] . As reference data, a sample of p + p collisions at the same √ s was taken in March 2011 (L = 225 nb −1 ). In order to reduce the systematic uncertainties when calculating the nuclear modification factor (R AA ), identical algorithms were used to reconstruct the dimuons from quarkonia. These algorithms closely followed the analysis carried out for the higher energy p + p collisions described in Ref. [8] , save for more stringent requirements on the pointing of muon tracks to the primary collision vertex. This significantly reduced the background, but it also reduced the efficiency for reconstructing non-prompt J/ψs (which come primarily from weak decay of B mesons). Nevertheless, the pointing accuracy of the CMS inner tracker allowed us to measure the decay distance from the vertex, and perform a fit to extract the yield of prompt and non-prompt J/ψs separately (a first for heavy-ion collisions). The excellent dimuon mass resolution also allows us to separate the three ϒ states. Figure 1 shows the R AA for prompt (squares) and non-prompt (stars) J/ψ and for the ϒ(1S) (diamonds). We observe that all measured quarkonia show suppression with respect to p + p collisions. For prompt J/ψ in central collisions, we measure R AA =0.20 ± 0.03(stat) ± 0.01(syst). The suppression of the prompt J/ψ is expected if one forms a deconfined QGP. However, suppression is also possible from cold nuclear matter (CNM) effects, including shadowing and comover absorption. In models which allow J/ψ production via statistical recombination of c −c pairs, one could enhance J/ψ production. The centrality dependence of the suppression can shed light on the possible contributions of these effects. The non-prompt J/ψ also shows a rather striking suppression (R AA = 0.36 ± 0.08(stat) ± 0.03(syst) in the 20% most central collisions). The intriguing aspect of such a result is that, given that we expect non-prompt J/ψs to be the product of a B meson decay, we might be witnessing energy loss of the b quark in the QGP medium. We also observe, with limited statistics, a lack of centrality dependence to this suppression. This should provide some food for thought to models of quenching of bottom jets.
The possibility of measuring ϒ production to study the QGP [9] has become important in light of the complications surrounding the J/ψ. Bottomonium production is expected to have a much lower recombination contribution due to the lower b −b cross section. In addition, ϒ suppression by comover absorption is expected to be negligible [10] . Therefore, the ϒ states are a cleaner probe of deconfinement effects. One should note that the observed ϒ(1S) has contributions from higher excited states. In calculations of bottomonium on the lattice, the higher excited states are seen to melt at lower temperatures than the ground state. Hence, the observation of suppression of the ϒ(1S) can be indicative of the dissociation of the excited states.
In order to focus on this effect, we studied the invariant mass distribution in the ϒ region for p + p and Pb+Pb collisions. Figure 1 (right) shows a fit to the Pb+Pb data, together with the line shape extracted from a similar fit to the p + p data normalized such that the ϒ(1S) peaks coincide. This graphically illustrates that we observe suppression of the excited ϒ states in Pb+Pb collisions. We quantify this by calculating the double ratio
The double ratio method allows the cancelation of important theoretical and experimental uncertainties. Differences in the choice of initial state PDF, shadowing parameterizations, and renormalization scales will cancel in the single ratios ϒ(2S + 3S)/ϒ(1S). Experimental acceptance differences, which play a role in the single ratio given that we apply a p ⊥ cut on both muons of 4 GeV/c, will cancel in the double ratio because this effect will be the same in both systems if we use identical p ⊥ cuts. So the double ratio is insensitive to changes in the overall scale of the cross section and to detector acceptance, making it an exquisite tool to dissect changes in the relative production of excited ϒ states between Pb+Pb and p + p. When studying the statistical significance of the suppression observation, if one assumes that in the absence of a suppression due to physics mechanisms the double ratio should be unity, then the probability of observing a ratio of 0.31 or below is 0.9%, i.e., that corresponding to 2.4σ in a one-tailed integral of called tag-and-probe, similar to the one used for the corresponding pp measurement [6] . It consists in counting the Z candidates with and without applying the probed selection on one of the muons: 1) the stand-alone muon reconstruction efficiency is probed with tracker tracks; 2) the silicon tracker reconstruction efficiency is probed with stand-alone muons; 3) the trigger efficiency is probed by testing the trigger response to global muons from a sample triggered by a single-muon requirement. The latter is also checked with high-quality reconstructed muons from MB events. In all cases, these data-driven efficiencies agree with those derived from simulation within the statistical uncertainties.
The total systematic uncertainty on the Z yield is estimated to be 13% by summing in quadrature the following contributions. The largest one is associated with the tracking efficiency and taken as the 9.8% precision of the above-mentioned data-driven efficiency determination. Similarly, the uncertainty associated with the dimuon trigger is 4.5%. The 4% maximum contribution from unsubtracted background is taken as a systematic uncertainty. The uncertainty associated with the selection criteria is considered to be equal to the 2.6% loss of events. The MB trigger efficiency is known at the 3% level. The uncertainty coming from the acceptance correction is estimated to be less than 3%, by varying the underlying generated kinematics (y, p T ) beyond reasonable modifications. Other systematic uncertainties are estimated to sum to less than 1.5%.
The yield of Z → µ + µ − decays per MB event is defined as dN/dy(|y| < 2.0) = N Z /(αεN MB ∆y), where N Z = 39 is the number of dimuons counted in the mass window of 60-120 GeV/c 2 , N MB = 55 × 10 6 is the number of corresponding MB events, corrected for trigger efficiency, α and ε are the acceptance and overall efficiency, and ∆y = 4.0 is the rapidity bin width. We find dN/dy(|y| < 2.0) = (33.8 ± 5.5 ± 4.4) × 10 −8 , where the first uncertainty is statistical and the second systematic. The analysis described above is repeated after subdividing the data into a Gaussian distribution. Therefore, our measurement is indicative that the excited states are suppressed in the Pb+Pb system. The main physics mechanism which is thought to lead to a suppression of the double ratio is the creation color deconfined matter, an expectation based on lattice QCD. Models which attempt to explain the data using heavy-quark potentials inspired by lattice studies are starting to appear [11] , and we hope these measurements will herald a new era of bottomonium studies of the QGP.
The dimuon invariant mass distribution around the Z 0 mass from Pb+Pb collisions is shown in Fig. 2 (left) . We see a clear signal with 39 Z 0 candidates, and very little background (only one like-sign count). These were from the same dimuon data sample used for Quarkonia (see Ref. [12] for additional analysis details). We overlay the line shape of the Z 0 measured in p + p collisions, illustrating the similarity of the distribution measured in Pb+Pb. This is consistent with the expectation that the Z 0 should not be strongly modified (in both senses of the word) in Pb+Pb collisions. Figure 2 (right) shows a quantitative comparison of the Z 0 yield vs. N part with NLO calculations scaled by the nuclear overlap integral, T AA , to take into account the nuclear geometry. Within our uncertainties, we observe no modification of the Z 0 cross section, confirming the expectation that it can act as an in situ standard candle of the initial state, in particular of the quark PDFs in the Pb nucleus. This will be important in future studies of Z 0 + jet events in heavy ion collisions, where the Z 0 should have identical p ⊥ as the recoil jet (to leading order) and thus promise to be a powerful tool to study energy loss in the QGP.
Conclusions. We presented dimuon results on the production of prompt and non-prompt J/ψ and ϒ production, all of which display striking suppression patterns. In particular, the suppression of the ϒ excited states promises to be a new window into the physics of color deconfined matter at high temperature. The Z 0 boson production is consistent with that in p + p after scaling by the nuclear geometry, and thus can be a good reference for the quark distribution function of the Pb nucleus. The author acknowledges the support of the US NSF (Grant No. 0645773).
